Yield stress fluids are widely used in industry, deeply studied as an example of soft matter, and easy to conceptually describe: A solid-like material that can be yielded and made to flow by applying a minimum stress but will re-solidify once the applied stress is removed. Similarly, a particle will be stably suspended against sedimentation by a yield stress fluid if the stress it exerts on the fluid does not exceed the yield stress. In this article, we examine the current approach to predicting particle suspension in a yield stress fluid. We focus on a key cause of variability in both the fluid yield stress and propagation of particle stress: The fluid microstructure. We measure the prevention of particle sedimentation by examples of the two key microstructures used to create a yield stress suspension: A colloidal glass, Carbopol, which forms high volume fraction elastic structures by crowding, and a colloidal gel, microfibrous cellulose or MFC, which forms a sparser low volume fraction elastic network by inter-particle attachments. Comparing the sedimentation behavior of a single sphere in Carbopol and in MFC indicates that fluids with the same yield stress value can differ by a factor of 6 in their stability against particle sedimentation as a result of microstructure differences. Such suspensions cannot be characterized by yield stress alone, so the different fluids' yielding, and possibly recovery, from applied stress must also be studied. The work points to methods of improved design of microstructured fluids in a range of formulated product applications and also links shared goals of the rheology and microrheology communities. V C 2013 The Society of Rheology.
Synopsis
Yield stress fluids are widely used in industry, deeply studied as an example of soft matter, and easy to conceptually describe: A solid-like material that can be yielded and made to flow by applying a minimum stress but will re-solidify once the applied stress is removed. Similarly, a particle will be stably suspended against sedimentation by a yield stress fluid if the stress it exerts on the fluid does not exceed the yield stress. In this article, we examine the current approach to predicting particle suspension in a yield stress fluid. We focus on a key cause of variability in both the fluid yield stress and propagation of particle stress: The fluid microstructure. We measure the prevention of particle sedimentation by examples of the two key microstructures used to create a yield stress suspension: A colloidal glass, Carbopol, which forms high volume fraction elastic structures by crowding, and a colloidal gel, microfibrous cellulose or MFC, which forms a sparser low volume fraction elastic network by inter-particle attachments. Comparing the sedimentation behavior of a single sphere in Carbopol and in MFC indicates that fluids with the same yield stress value can differ by a factor of 6 in their stability against particle sedimentation as a result of microstructure differences. Such suspensions cannot be characterized by yield stress alone, so the different fluids' yielding, and possibly recovery, from applied stress must also be studied. The work points to methods of improved design of microstructured fluids in a range of formulated product applications and also links shared goals of the rheology and microrheology communities. 
I. INTRODUCTION
Suspensions with a yield stress behave as a solid below a minimum applied stress threshold, flow once that threshold is exceeded, and re-solidify after the stress is removed or reduced below the threshold [Oldroyd (1949) ]. Typical examples of yield stress fluid applications are paints, batteries, and cement, as well as some liquid consumer products like dairy products, shampoos, toothpastes, and detergents. Yield stress fluids are also of theoretical interest, as their complex structural aging behavior can sometimes defy description by conventional constitutive relationships [Yin and Solomon (2008) ; Ovarlez et al. (2010) ]. In practice, a yield stress can either be an unintended result of high solids loadings or a desired attribute that, for example, prevents particle sedimentation in a fluid.
Sedimentation in a yield stress fluid occurs in a small, yielded region surrounding the particle where either gravitational [Atapattu et al. (1990 [Atapattu et al. ( , 1995 ; Jossic and Magnin (2001) ; Merkak et al. (2006) ; Tabuteau et al. (2007a) ], external shear [Merkak et al. (2009); Ovarlez et al. (2012) ], or vibrational [Singh et al. (1991); Wunsch (1994); Ferroir et al. (2004) ] stresses exceed the yield stress. Past studies estimated the shape of the yielded region [Ansley and Smith (1967) ] and were encapsulated in finite element simulations using either a Bingham [Beris et al. (1985) ; Blackery and Mitsoulis (1997) ; Liu et al. (2002) ] or Herschel-Bulkley continuum fluid model [Beaulne and Mitsoulis (1997) ]. Beris et al. (1985) simulated a particle-yielded region as flow ceases and the fluid solidifies, defining a dimensionless yield stress, Y, as a ratio of the fluid yield stress, r y , to the stress exerted on the fluid by the particle, for example, here the particle buoyancy force [Beris et al. (1985) ]
where g is gravitational acceleration, q p is the particle density, q l is the liquid density, and R is the particle radius. Fluid yield stress can offset sedimentation or other segregation behavior when it is not exceeded by, for example, shear stresses in a pipeline [Merkak et al. (2009) ] or a stirred tank [Amanullah et al. (1998) ]. Equation (1) provides a way to compare the relative yield stress magnitude with an applied particle gravitational stress relevant to, for example, formulated product suspensions [Laxton and Berg (2005) ]. Simulated sedimentation of a sphere in a yield stress fluid occurs from Y ¼ 0, meaning viscous or entirely yielded flow, to Y ¼ Y crit ¼ 0:14, a theoretical upper limit at which flow, or sedimentation, ceases [Beris et al. (1985) ]. Y crit is not unity [Beris et al. (1985) ; Blackery and Mitsoulis (1997) ; Beaulne and Mitsoulis (1997) ] because the particle must yield a finite volume of fluid to move, so the volume of the yielded region shrinks as Y ! 0:14 and grows without bound as Y ! 0. Y crit is often used in yield stress fluid development to set a criterion for particle sedimentation, but just as we do not expect Y crit to be unity, we can similarly not hope for it to be universal for all yield stress fluids.
Although some experimental results match the theoretical Y crit value [Tabuteau et al. (2007a) ], overall they show a rather large variability [Chhabra (2007) ], with Y crit ranging from 0.14 to 0.39 for polymeric microgel suspensions and from 0.12 to 0.60 for clay suspensions. Variations can stem from strong wall effects [Blackery and Mitsoulis (1997) ], microstructural time-dependency [Chafe and de Bruyn (2005) ; Gueslin et al. (2006) ; Tabuteau et al. (2007b) ], non-spherical particles [Jossic and Magnin (2001) ], and fluids that deviate from Bingham behavior [Briscoe et al. (1992) ]. Y crit values also vary depending on whether they are measured during cessation of flow by yielded fluids or during the onset of flow from an un-yielded state [Chhabra (2007) ]. Comparisons of bulk and microscale flow behavior [Oppong and de Bruyn (2007) ; Wilking and Mason (2008) ; Rich et al. (2011)] show the general difficulty of characterizing yield stress fluids: Microstructured fluids often deviate from continuum descriptions that assume fluid homogeneity.
In theory, a practitioner could design a suspension using Y crit to predict the maximum particle size and density a given fluid yield stress can stabilize. However, if structural effects make the Y crit vary too widely, such an approach is not general. In fact, the range of Y crit ¼ 0:1 À 0:6 cited above represents a fascinating idea: Two different fluids with the same bulk yield stress can differ in their ability to offset a given particle stress by about six times. More precisely, it means that two fluids with similar yield stresses could differ significantly in their dissipation of particle gravitational stresses, and that the bulk yield stress does not fully characterize the fluid response to a particle stress at small length scales. However, past studies have not directly examined microstructural effects on Y crit , and direct comparisons between past works are hard because of different rheology protocols.
Bonn and Denn (2009) recently added clarity by defining ideal yield stress fluids as those exhibiting Bingham or Herschel-Bulkley behavior, and non-ideal yield stress fluids as thixotropic or aging fluids that deviate from classical models. Such an approach is useful but still a continuum picture, and ultimately microstructural contributions [Bonn et al. (1999) ; Lee and Furst (2008) ; Rajaram and Mohraz (2010) ; Hsiao et al. (2012) ] must be added to such classifications to best utilize new models of complex yielding behavior [Fielding et al. (2000) ; Yin and Solomon (2008) ].
We suggest that the bulk of yield stress suspensions can be categorized as either glasses, highly loaded systems whose particles crowd one another and impart fluid elasticity, or gels, much more dilute suspensions with strongly interacting particles that form space-filling elastic networks. The two main yield stress microstructures are extreme regions of the state diagram developed by Trappe and Sandkuhler (2004) and re-plotted in Fig. 1 . Colloidal glass yield stress fluids, like aqueous Carbopol acrylate polymers, are FIG. 1. Schematic state diagram of colloidal particle solutions with short range attraction, adapted from Trappe and Sandkuhler (2004) . The solid line separates liquid states and solid states with a yield stress. In the colloidal glass region above the glass transition of / g ¼ 0:58, bottom right corner, we find materials like toothpaste and hair gel with r y $ 10 À 100 Pa. By contrast, in the upper left colloidal gel region we find weakly structured food and consumer products like shampoo, for which r y $ 0:01 À 0:1 Pa. the most commonly studied form and can be classified as ideal because of their lack of thixotropy [Bonn and Denn (2009)] . In contrast, a colloidal gel, with a much lower viscosity, yield stress, and solids volume fraction than a glass, behaves non-ideally with distinct thixotropy due to microstructural variations during aging [Bonn and Denn (2009)] . Colloidal glasses are often studied in the mineral and dense suspension fields while clays are commonly studied colloidal gels. However, consumer product formulations using colloidal gels can often have a much lower yield stress, r y $ 0:01 Pa, than industrial glasses or clays, but still prevent sedimentation of dispersed micron-scale active ingredients in shampoos and soft drinks. Colloidal gels are efficient because a minimal amount of rheology modifier added to an existing liquid imparts a useful yield stress without significant formula or viscosity changes.
We study here an ideal glass and a non-ideal gel, each with a similar and relatively low yield stress, and find significantly different yielding onset for sedimentation of millimeterscale particles that are much larger than the microstructural elements imparting the fluid yield stress. Although past measures of Y crit vary, they are consistent with our glass samples. However, our gel results show a significant deviation from the glass system and from past literature, indicating that the two distinct yield stress microstructures exhibit equally distinct yielding and flow properties. A fascinating consequence is a significant variability in the particle suspension efficiency of different yield stress fluids at essentially the same yield stress. There is thus an opportunity to better understand the microstructural mechanisms of the observed variations, improve our prediction of fluid yielding behavior, and optimize yield stress fluids' process and consumer applications. We use recent microrheological studies to begin to explain our results and suggest a way to move beyond using a bulk parameter to predict small-scale behavior in structured fluids.
II. EXPERIMENTAL METHODS
Sedimentation experiments are carried out with metal, d ¼ 1, 2, 3, and 4 mm,
, and plastic, d ¼ 1.5, 2, 3, and 4 mm, q ¼ 1.5 g/cm 3 , spherical particles. Fluids are structured with either Carbopol 956 (Lubrizol), one of the most commonly used colloidal glass systems, or microfibrous cellulose (MFC, CP-Kelco), a new, low volume fraction and clear colloidal gel system. MFC provides a lower than typical range of yield stresses and contains 60% bacterial cellulose, 30% xanthan gum, and 10% carboxymethyl cellulose for easy dispersion in water.
Yield stress gels are prepared by adding appropriate amounts of MFC to an aqueous 0.1% w/w solution of Kathon CG (Rohm and Haas) preservative and mixing with a high shear mixer (Ika Ultra-Turrax) at 11 000 RPM for a total of 5 min. Carbopol glasses are made by incorporating Carbopol powder into aqueous HCl, with a pH of 3, and using the high shear mixer to homogenize the fluid. Then, a few drops of aqueous NaOH are slowly added to increase the pH between 9 and 13, and the dispersion mixed for 5 min after pH increases. Samples of each yield stress fluid are placed into glass vials and centrifuged at 1500 RPM for 5 min to eliminate air bubbles.
Fluid rheology is measured in an AR2000 Rheometer (TA Instruments) using a steel cone (d ¼ 40 mm, 2
) and plate geometry. After loading the sample, dynamic yield stress is estimated by the value of the low shear rate stress plateau observed on a flow curve while static yield stress is measured using a series of creep experiments over an increasing range of applied stresses. All experiments are performed at 25 C and on the same day as sedimentation experiments to ensure consistency between the measured rheology and the bead's fluid environment. A pre-shear schedule is used to provide consistent flow history for all the samples and avoid thixotropic biasing. Fluorescent colloidal polystyrene tracer particles (Interfacial Dynamics), 1 lm in diameter, are used to visualize microscale flow in yield stress fluids.
Glass vials (d ¼ 19 mm, h ¼ 85 mm) of yield stress fluids are prepared and allowed to rest for a minimum of 24 h prior to sedimentation experiments to allow structural recovery. Experiments are performed using pliers to release a single sphere into the vial just under the liquid surface. The vial and sphere are illuminated from behind with a lightemitting diode, light, and the sphere's trajectory captured at frame rates of 300, 30, or 0.015 fps. Sedimentation criteria are established by whether or not a given bead fully sediments in a particular fluid, meaning that it falls to the bottom of the vial in a consistent manner. All experimental data reported are for systems that attained consistent terminal velocities.
III. RESULTS AND DISCUSSION
Two different types of yield stress are considered here: Static and dynamic. Static yield stress is the stress at which flow is initiated while dynamic yield stress is an extrapolation to zero shear rate of the stress applied to keep the sample flowing and is generally lower than the static value. Figure 2 shows dynamic and static yield stress determination of both fluids under study. In Fig. 2(a) , the flow curves show that the dynamic yield , viscosity and yield stress often increase in thixotropic systems [Bonn et al. (1999) ]. For 0.3% MFC, the yield stress increases from 0.15 to 0.21 Pa in Fig. 2(c) while the Carbopol sample remains constant, over the course of an hour of aging. Interestingly, after aging at quite low shear rates, the dynamic yield stress of the MFC sample closely matches the value of 0.2 Pa found for the static yield stress in Fig. 2(b) . Because of the uncertainty created by thixotropic behavior and the general variability of yield stress determination, it is more appropriate to consider yield stress values as a range. The aging behavior in Fig. 2(c) indicates that we can contrast our Carbopol and MFC fluids as an ideal and non-ideal yield stress fluid, respectively. Another interesting difference is that the MFC viscosity is consistently lower than that of Carbopol even though the two samples have essentially the same yield stress.
The bulk yielding of the two fluids is compared in Fig. 2(d) using an oscillatory strain sweep at a constant frequency of 1 Hz. Two stages of yielding are visible with increasing strain in Fig. 2(d) for the Carbopol system, consistent with previous work [Putz et al. (2008) ] and the idea that the system does not have a single yielding mode. Colloidal gels can also show two-stage yielding Mohraz (2010, 2011) ; Chan and Mohraz (2012) ] but typically at concentrations nearer that of a glass. Though our MFC sample may exhibit more complex behavior, we are unable to detect it at such low concentrations. It is important to highlight the extreme differences in volume fraction for each of the rheology modifiers studied here as the two structure formation mechanisms are quite different. Carbopol swells dramatically [Ketz et al. (1988) ] by about three orders of magnitude [Carnali and Naser (1992) ] to reach a concentrated glassy regime, even at the same mass fraction of the sparse aggregated gel of MFC. As shown schematically in Fig.  3 , the MFC gel has a disproportionate rheological impact due to its fibers' high aspect ratio [ Fig. 1 in Solomon and Spicer (2010) ] and is expected to dissipate stress differently than the more densely packed Carbopol glass. [Piau (2007) ]. In contrast, the MFC system forms a low volume fraction gel of high aspect ratio fibers. average, 5 lm long with aspect ratios near 1000 and the swollen Carbopol particles are, at most, 500 nm in size [Piau (2007) ]. At the lower concentrations used here we expect Carbopol to behave much as shown in Fig. 3 even if some gaps exist in the overall structure [Piau (2007) ]. MFC will also likely deviate from the idealized structure shown in Fig. 3 as fibrous materials are known to form bundles and aggregates [Wilkins et al. (2009) ] though recent microscopy of MFC dispersions shows relatively homogeneous structures [ Fig. 1 , Solomon and Spicer (2010) ].
Microfibrous cellulose is a flexible way to add a yield stress to a wide range of formulations. Figure 4 highlights the yield stress MFC can provide over the low magnitude range, r y $ 0:02 À 0:6 Pa, important for many consumer products. In contrast, literature yield stress values for model Carbopol systems at similar concentrations are at least an order of magnitude greater. Here, salt generated by the Carbopol neutralization is used to tune our Carbopol rheology and prepare dispersions with r y $ 0:1 À 4:4 Pa. This enables comparison of MFC and Carbopol at similar yield stresses but derived from, respectively, low and high volume fraction networks, to differentiate yield stress and microstructure effects on particle stabilization and sedimentation.
Equation (1) contains the relevant balance of forces affecting suspension and yielding of a suspended particle. However, a key uncertainty is the conversion of particle buoyancy force to particle stress because of the unknown flow within the yielded region. The more easily measured fluid yield stress and particle buoyancy force allow us to directly compare the effect of fluid microstructure. Fig. 5(b) ]. The trends observed are consistent with expected behavior: Yielding occurs for sufficiently high particle forces and sufficiently low yield stresses. For MFC, we can closely resolve the transition from stable to yielded, but for Carbopol it is more difficult because of the gap in the data seen in Fig. 5(b) . The gap occurs because of the highly filled nature of the dispersion. The crowded glassy structure of Carbopol makes it difficult to "dial in" a precise yield stress because of the strong nonlinearity of the rheology-concentration relationship for a glass. A distinct difference between the two fluids is clear as MFC exhibits a stronger suspension ability than Carbopol at identical particle forces. For example, 10 lN particles sediment in Carbopol at r y ¼ 0:4 Pa and below while the same particles only sediment in MFC at yield stresses lower than r y ¼ 0:14 Pa. Because the yield stresses are in the same range and have been measured via the same rheological method, the only significant difference between the two systems is fluid microstructure. Even accounting for variability in yield stress measurement, we find the difference in yielding for different microstructures to be significant. The data in Fig. 5 show both yielded and unyielded states, so they are distinct from most past studies that focus on the transition between the two states. By making no assumptions about the more complex yielding flows and only examining whether sedimentation occurs, we can clearly distinguish differences between the two fluids. As a further examination of traditional approaches, we also examine our data using Eq. (1) and its embedded assumptions about stress propagation during and after yielding.
The Y values for each experiment are calculated using Eq. (1) MFC is thus estimated to be about 0.05 and is represented as a dashed horizontal line in Fig. 6(a) . In Carbopol, Y ranges from 0.021 to 0.18 for sedimentation and from 0.11 to 1.59 for no sedimentation. Here, the overlap of MFC and Carbopol data is minimal. For Carbopol, the estimated Y crit ¼ 0:3 matches the range of literature values of 0.14 to 0.39 shown in Fig. 6(b) as horizontal dashed lines, even for the Carbopol dispersions made with lower-than-typical yield stresses. Interestingly, MFC's Y crit ¼ 0:05 is much lower, a factor of at most 6 and at least 3 even with variability, than both literature and our experimental Carbopol values. Consistent with the force comparison in Fig. 5, Fig. 6 shows that MFC can stably suspend a particle up to six times larger than Carbopol can, even with a significantly lower viscosity and rheology modifier volume fraction, but the same yield stress. The distinct behavior of two fluids with similar yield stresses, but different microstructures, indicates that the determination and use of Y crit should be carefully validated for the fluid under study and points to a microstructural explanation for the differences.
So how can two fluids with ostensibly the same yield stress vary so much in their ability to suspend a particle? A recent active microrheological study of laponite yielding [Rich et al. (2011) ] provides additional data linking microstructural complexity and particle flow behavior. A key finding for laponite is the importance of structural rearrangements during yielding, as Rich et al. (2011) saw some particles first move on the order of two particle diameters, but then halt before complete yielding and flow occurred. They hypothesized that the laponite structures crowd and jam together in front of the moving particle, locally creating a stronger structure that stabilizes the particle [Rich et al. (2011) ], in agreement with sedimentation studies of aging laponite [Tabuteau et al. (2007b) ]. Such reorganization on the time scales of particle movement points to a robust means of stabilizing suspending particles and may explain the superiority we observe for MFC over Carbopol although we cannot detect such small displacements for our larger particles. Interestingly, the lower volume fraction gel structures may have more freedom to adjust and respond to initial particle movement, reinforcing the suspension stability, while more concentrated glasses cannot adapt in such a way. As a result, the bulk fluid yield stress measurement may not fully describe small-scale flows for all fluid microstructures [Caggioni et al. (2007) ; Rajaram and Mohraz (2010) ].
A possible general explanation for the Y crit discrepancy between different microstructures is variations in the minimum fluid volume yielded by the particle, and thus the amount of stress dissipated. For example, Jossic and Magnin (2001) found consistently lower Y crit values for roughened shapes than smooth because of greater drag force and, presumably, a larger yielded region. Equation (1)'s use of particle cross-sectional area as a characteristic parameter means a fluid with a significant minimum yielded volume will have a Y crit value smaller than unity, as predicted by Beris et al. (1985) for Bingham fluids and confirmed in Carbopol systems. However, since different microstructures can lead to different minimum yielded region sizes, it is natural to expect variation in the Y crit . A qualitative evaluation of this concept is performed via indentation experiments that insert a 530 lm diameter metal rod into 0.3% MFC and 0.4% Carbopol. Successive chronological images are combined and used to visualize fluorescent colloidal tracer motion and map the moving regions around the rod in Fig. 7 . The blurry regions of each image in Fig. 7 are considered yielded, and the MFC exhibits a much larger yielded volume, extending outside the image field of view, than Carbopol. A circular fit to the area of each region gives a factor of two difference in circle width that could partially explain the observed difference between the average Y crit value for MFC and Carbopol in Figs. 6(a) and 6(b). Though not quantitative or general, these images confirm that different yielding behavior occurs for the two fluids. New methods of imaging the local structured fluid flow around a particle could nicely map the variations across microstructures [Cheng et al. (2011) ] and differentiate between yielding at different length scales more precisely [Rich et al. (2011) ].
IV. CONCLUSION
Gravitational sedimentation of single spheres in yield stress fluids is often not welldescribed by a purely continuum approach because of microstructural variations across the fluids. We propose a classification of yield stress suspensions by their microstructure type, either colloidal gel or glass, and compare examples of each for their ability to suspend beads at low yield stress values. Although our Carbopol results agree well with past work, microfibrous cellulose can suspend larger particles than Carbopol at similar yield stress values, emphasizing clear distinctions between the efficiency of colloidal gels and glasses. Microscale indentation observations and microrheological literature data are used to hypothesize that the observed variations in sedimentation criteria result from varying sizes of particle-yielded regions in each fluid. Critically examining the existing yield stress sedimentation criterion indicates knowledge of the bulk yield stress alone is insufficient for a priori predictions. Instead, bulk and microrheological information is needed as well as the local flow field around the particles of interest to account for complex yielding kinematics [Ferroir et al. (2004) ]. Until such relationships are better understood, we suggest the practical use of Y crit be restricted to an indicator of deviations from bulk behavior at the sedimenting particle scale and a measure of the suspension efficiency of a fluid-particle system.
